The choice of using one of many possible neurotransmitter systems is a critical step in defining the identity of an individual neuron type. We show here that the key defining feature of glutamatergic neurons, the vesicular glutamate transporter EAT-4/ VGLUT, is expressed in 38 of the 118 anatomically defined neuron classes of the C. elegans nervous system. We show that distinct cis-regulatory modules drive expression of eat-4/VGLUT in distinct glutamatergic neuron classes. We identify 13 different transcription factors, 11 of them homeodomain proteins, that act in distinct combinations in 25 different glutamatergic neuron classes to initiate and maintain eat-4/VGLUT expression. We show that the adoption of a glutamatergic phenotype is linked to the adoption of other terminal identity features of a neuron, including cotransmitter phenotypes. Examination of mouse orthologs of these homeodomain proteins resulted in the identification of mouse LHX1 as a regulator of glutamatergic neurons in the brainstem.
INTRODUCTION
A key identity feature of an individual neuron type is its neurotransmitter phenotype. Most classic neurotransmitters are synthesized by specialized enzymes, loaded by specific transporter proteins into synaptic vesicles and taken back into the neuron by specialized plasma membrane transporters. In many cases, the neurotransmitter identity of a specific neuron type is therefore defined by the coordinated expression of genes coding for specific enzymes and transporters. Understanding the regulatory mechanisms that control expression of these enzymes and transporters presents a fruitful ''bottom-up'' approach that will help explain how a specific neuronal identity is imposed onto a neuron type during development and how this identity is maintained throughout the life of a neuron.
Glutamate is the most broadly employed excitatory neurotransmitter in most vertebrate and invertebrate nervous systems.
In contrast to other neurotransmitter systems, the identity of glutamatergic neurons is not defined by the expression of specific biosynthetic enzymes and reuptake transporters. Since glutamate is present in all cells, its utilization as a neurotransmitter critically depends on the ability of a neuron to load glutamate into synaptic vesicles. This is achieved by a vesicular transporter for glutamate of the SLC17 family of solute carriers, called VGLUT (Takamori et al., 2001) . Ectopic expression of VGLUT is sufficient to confer the glutamatergic phenotype (i.e., synaptic release of glutamate) onto heterologous neurons (Takamori et al., 2000 (Takamori et al., , 2001 . Consistent with the sufficiency of VGLUT to determine the glutamatergic phenotype, there are no pan-glutamatergic markers other than the VGLUT genes (see Supplemental Information) .
Given the importance of VGLUT genes in defining the glutamatergic phenotype of a neuron, it is perhaps surprising that very little is known about how VGLUT expression is regulated in the nervous system of any vertebrate or invertebrate species, including mouse, Drosophila and C. elegans. In the mouse, several transcription factors have been described to be involved in the generation of glutamatergic neurons in different areas of the developing central nervous system (Brill et al., 2009; Cheng et al., 2004; Englund et al., 2005; Lou et al., 2013; Ma and Cheng, 2006) , but it is not clear whether any of these factors directly initiates and maintains VGLUT expression or whether they act transiently at earlier stages of differentiation and operate through intermediary factors.
The nematode C. elegans contains one well-characterized VGLUT-encoding gene, eat-4 (Lee et al., 1999) . eat-4/VGLUT enables glutamatergic transmission in various neuronal circuits that control distinct behaviors (e.g., Chalasani et al., 2007; Lee et al., 1999) and the eat-4 mutant phenotype can be rescued by human VGLUT . How C. elegans eat-4/VGLUT expression is regulated in distinct neuronal cell types has not previously been investigated, mirroring the absence of insight into the regulation of Drosophila or vertebrate VGLUT gene expression.
In principle, one could imagine several distinct scenarios by which VGLUT gene expression is controlled in different neuronal cell types. A dedicated regulatory factor (or combination thereof) could exist to control VGLUT expression in all different glutamatergic neuron types (model #1 in Figure 1A ). This dedicated factor could be turned on by distinct sets of earlier acting factors in distinct glutamatergic neuron populations. Alternatively, VGLUT gene expression could be regulated in different manners in distinct glutamatergic neuron types (Figure 1A, model #2 and #3) . Furthermore, VGLUT expression may be controlled separately from the expression of other identity features of a neuron (Figure 1A, model #2) or its expression could be tightly linked with the expression of other cell-specific identity features of particular glutamatergic neuron types ( Figure 1A , model #3). Whether distinct terminal identity features of a neuron are separately regulated or whether they are coregulated via a common (set of) trans-acting factor(s) (model #2 versus #3) are fundamental but little understood neurodevelopmental problems.
Here, we approach these questions using two conceptually distinct but converging approaches. First, we elucidate the cisregulatory logic of eat-4/VGLUT expression by defining cis-regulatory regions in the eat-4 locus that are required for expression of eat-4 in distinct glutamatergic neurons. If one common regulatory mechanism exists (model #1) that controls eat-4/VGLUT expression in all glutamatergic neurons, such cis-regulatory analysis should reveal a specific cis-regulatory element required for expression in all eat-4/VGLUT expressing neurons. Alternatively, if distinct glutamatergic neuron types employ distinct regulatory mechanisms (model #2 and #3) , the eat-4/VGLUT regulatory elements should be complex and modular in nature, with different elements driving expression in different neurons types. Second, we analyzed the effect of removal of a number of transcription factors on the expression of not only eat-4/VGLUT but also on the expression of other identity markers of the respective glutamatergic neuron type (hence distinguishing model #2 and #3) and we report evidence of pervasive coregulation. Furthermore, we provide evidence of the conservation of regulatory mechanisms in the mouse. Our analysis reveals a comprehensive picture of the regulation of glutamatergic neuronal identity in the nervous system.
RESULTS

eat-4/VGLUT Expression Defines 38 Glutamatergic Neuron Classes
We defined the glutamatergic nervous system of C. elegans by examining the expression of a fosmid-based eat-4 reporter construct (Figures1B and 2). This reporter is expressed in 78 of the 302 neurons of the adult hermaphrodite, which fall into 38 neuron classes (out of a total of 118 anatomically defined neuron classes in the hermaphrodite; Table 1 and Figures 1B and 2 ). Most of these neurons are either sensory-or interneurons. Only two motorneurons utilize glutamate; both are located in the pharynx.
If the eat-4/VGLUT expressing neurons that we describe here indeed use glutamate as neurotransmitter, one would expect that synaptically connected neurons should express ionotropic glutamate receptors. Based on the complete synaptic connectivity diagram of the C. elegans hermaphrodite (White et al., 1986) and previously described expression patterns of all known glutamate-gated ion channels (Brockie and Maricq, 2006) , we infer that each of the eat-4/VGLUT-expressing cells is presynaptic to at least one neuron (or pharyngeal muscle in the case of the pharyngeal motor neurons) that expresses glutamate-gated ion channels (Table 1) . This corroborates the glutamatergic identity of the eat-4/VGLUT expressing neurons. Similar to vertebrates, we found that the expression of C. elegans glutaminases does not track with glutamatergic neuronal identity (Supplemental Information and Figure S1 available online).
The identity of other neurotransmitter systems (cholinergic, GABAergic, dopaminergic, serotonergic, tyraminergic, octopaminergic) has been described in great detail in C. elegans (http://www.wormatlas.org). The pattern of eat-4/VGLUT expression that we describe here is complementary and not 
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overlapping with the expression of markers for these other, previously described neurotransmitter identities, with four exceptions (Table 1) . The glutamatergic AIM and I5 interneurons are also serotonergic (Jafari et al., 2011; Sawin et al., 2000) and so is the glutamatergic ASG sensory neuron under hypoxic conditions (Pocock and Hobert, 2010) . The eat-4/VGLUT-expressing RIM motorneurons also employ the monoamine tyramine (Alkema et al., 2005) .
Dissecting cis-Regulatory Control Regions of eat-4/ VGLUT Reveals a Modular Logic of Expression
To dissect the cis-regulatory information content of the eat-4 locus, we first compared expression of the eat-4 fosmid reporter and a reporter containing most of the 5 0 intergenic region upstream of eat-4, the eat-4 locus, and 500 bp of downstream sequences (Figure 2 ). This reporter is still expressed in all but two neurons classes compared to the fosmid reporter (Figure 2) . A previously described, much smaller transcriptional reporter (adIs1240) is expressed in a much more restricted manner (Figure 2) (Lee et al., 1999) .
We generated a series of reporter genes that encompasses various overlapping and nonoverlapping pieces of the eat-4 locus and examined their expression pattern in transgenic animals. We find that the broad expression generated from the upstream cis-regulatory region can be broken into much smaller elements that direct expression to very small numbers of specific glutamatergic neuron classes (Figure 2 ). The modularity of the cis-regulatory control logic is further underscored by a more fine-grained mutational dissection in which we mutated conserved small motifs that constitute predicted binding sites for transcription factors whose identity we will describe further below. Mutations of such motifs abrogate expression in even smaller numbers of neuron classes, in some cases single neuron classes (Figure 2 ). The modular structure of cis-regulatory control regions of the eat-4 locus, with individual cis-regulatory elements driving expression in distinct glutamatergic neuron types, rules out the master regulatory model #1 ( Figure 1A ) and argues for neuron-type specific control mechanisms (model #2 or model #3 in Figure 1A ).
We furthermore note that our mutational analysis did not reveal derepression in other neuronal or nonneuronal cell types, indicating that eat-4 expression is sculpted by activating rather than repressive regulatory inputs. Our previous analysis of the regulation of other neurotransmitter systems (e.g., genes controlling dopamine or acetylcholine biosynthesis) derived similar conclusions (Flames and Hobert, 2009; Kratsios et al., 2012) , thereby corroborating the previously proposed concept that gene activation, rather than gene repression, is the predominant mode of controlling terminal identity features of a neuron (Hobert, 2011) .
Known Terminal Selector-Type Transcription Factors
Control eat-4/VGLUT Expression To identify the trans-acting factors that operate through the modular cis-regulatory elements in the eat-4 locus, we first turned to eight distinct, terminal selector-type transcription factors that have previously been shown to define the identity of distinct neuron types that we determine here to be glutamatergic: the che-1 Zn finger transcription factor (controls ASE gustatory neuron differentiation; [Etchberger et al., 2007] In addition to the neurons listed in this table, males show eat-4 expression in about 20 unidentified male-specific tail neurons. A recent report using a different, smaller eat-4 reporter also identified AVA, AVE, SIB, RMD and ASJ neurons as eat-4-expressing (Ohnishi et al., 2011) . We found that expression of this reporter perfectly overlaps with our fosmid-based reporter, but we could not confirm expression in any of these cells. a Based on White et al., 1986. b Bold indicates postsynaptic target expresses ionotropic GluR. glc/avr (glutamate-gated ion channel), glr (AMPA/Kainate-type), nmr (NMDA-type glutamate receptor) (Brockie and Maricq, 2006) . c Candidate regulators expressed in this cell, but found to have no effect on eat-4 expression: unc-86 (ADA), ceh-2 (M3), ceh-14 (PVQ).
(legend continued on next page) touch receptor differentiation; [Duggan et al., 1998 ]), the ceh-36 Otx-type homeobox gene (ASE and AWC chemosensory neuron differentiation [Chang et al., 2003; Lanjuin et al., 2003] ), the ttx-1 Otx-type and ceh-14 LIM homeobox transcription factors (AFD thermosensory neuron identity; [Cassata et al., 2000; Satterlee et al., 2001 ; H. Kagoshima, personal communication] ), the lin-11 LIM homeodomain transcription factor (ASG chemosensory neuron identity; [Sarafi-Reinach et al., 2001] ) and the ets-5 ETS domain transcription factor (BAG CO 2 /O 2 sensory neurons [Brandt et al., 2012; Guillermin et al., 2011] ). Each of these transcription factors is continuously expressed in mature neuron types to control the expression of various terminal identity features of these individual neurons (e.g., neurotransmitter receptors, neuropeptides, ion channels, sensory receptors, etc.), but in none of these cases is it known whether the glutamatergic phenotype, i.e., expression of eat-4/VGLUT, is affected. We crossed eat-4 reporter genes into the respective mutant backgrounds and found that each of the eight terminal selector transcription factors is required for eat-4 expression in the neuron types in which these factors were known to act as terminal selectors ( Figure 3 ; Table 1 ). Using mec-3 as an example, we confirmed through temporally controlled addition and removal of mec-3 that mec-3 is required continuously to maintain eat-4 expression ( Figure S2A ). These findings demonstrate that the induction and maintenance of the glutamatergic phenotype is linked to the induction and maintenance of other terminal identity features of specific glutamatergic neuron types. Ectopic misexpression of terminal selector-type transcription factors has been shown to impose specific neuronal identities on other cell types (e.g., Flames and Hobert, 2009; Kratsios et al., 2012) . Using che-1, mec-3, and ceh-36 as examples, we confirmed that misexpression of these terminal selectors is also able to induce ectopic eat-4/VGLUT expression ( Figures  S2D-S2F ).
Dual Neurotransmitter Identity Is Coregulated via Common trans-Acting Factors
The glutamatergic ASG neuron pair displays the intriguing property of upregulating an additional neurotransmitter system under specific environmental conditions in order to improve chemosensory acuity (Pocock and Hobert, 2010) . Specifically, in hypoxic conditions, 5HT antibody staining and expression of tryptophan hydroxylase (tph-1), the rate-limiting enzyme of 5HT biosynthesis, are significantly upregulated in ASG. We find that in addition to regulating eat-4/VGLUT and other terminal features of ASG, lin-11 is also required for the upregulation of tph-1 in ASG under hypoxic conditions ( Figure 4A ). Therefore, both glutamatergic and serotonergic identity of the ASG neurons are coregulated by a common trans-acting factor.
A similar coregulation of dual neurotransmitter identities is observed in the AIM neurons. These neurons were previously reported to be serotonergic and to require the POU homeobox gene unc-86 to acquire their serotonergic identity (Jafari et al., 2011) (Figure 4B ). We find that eat-4/VGLUT expression in AIM is also abolished in unc-86 mutant animals ( Figure 4B ). Additionally, we observe loss of the flp-10 neuropeptide-encoding gene in AIM in unc-86 mutants, mirroring the previously reported impact of unc-86 on specific morphological features of AIM (Kage et al., 2005) (Figure 4B ). As in the case of lin-11 and ASG, these findings indicate coregulation of distinct neurotransmitter identities within a single neuron class by a common trans-acting factor.
Identification of New Regulators of Glutamatergic Neuronal Identity
We next examined the function of three transcription factors that previous studies had found to be expressed postmitotically and continually in what we define here as eat-4(+), glutamatergic neurons but whose impact on the identity of these neurons has either not been studied in detail or not studied at all. unc-42 Controls the Identity of the ASH Sensory Neurons unc-42 encodes a Paired-type homeodomain transcription factor related to mammalian PROP1 (Baran et al., 1999) . unc-42 is expressed in the ASH nociceptive sensory neurons and its expression persists throughout adulthood due to autoregulation (Baran et al., 1999) . unc-42 is required for the expression of two orphan seven transmembrane receptors of the odorant receptor family, sra-6 and srb-6, in ASH (Baran et al., 1999) but since the expression of odorant receptor family members in sensory neurons is strongly activity dependent (Nolan et al., 2002; Peckol et al., 2001) , it was unclear if unc-42 broadly affects neuronal identity or whether it has a narrower role in controlling sensory responsiveness or neuronal activity. We find that unc-42 controls eat-4/VGLUT expression in ASH ( Figure 3F ). Through postembryonic removal of unc-42, we found that unc-42 is continuously required to maintain eat-4 expression ( Figure S2B ). unc-42 also affects the expression of all other terminal identity markers tested, including the three Ga-encoding genes gpa-11, gpa-13, gpa-15 and the neuropeptide flp-21 ( Figure 4C ). The loss of terminal identity features is not indicative of a loss of these neurons since ASH neurons still take up dye in unc-42 mutants (Baran et al., 1999) . ceh-6 Controls the Identity of the AUA Interneurons ceh-6 is a POU homeobox gene expressed in a small number of head neuron classes (Bü rglin and Ruvkun, 2001), one of them the AUA interneuron class, which regulates aggregation behavior (Coates and de Bono, 2002) . ceh-6 expression in AUA and other head neurons is maintained throughout adulthood (Bü rglin and Ruvkun, 2001). We find that in ceh-6 null mutant animals eat-4/ VGLUT expression in the AUA neurons is abrogated ( Figure 3G ). We tested a number of additional terminal markers of AUA identity (neuropeptide-encoding genes flp-8, flp-10, and flp-11) and d Apart from earlier functions of unc-86 in this lineage, unc-86 may also have late roles in terminal differentiation. See Figure S6 for more information on this subject. e Under hypoxic conditions (Pocock and Hobert, 2010) . f Reported to be cholinergic (Duerr et al., 2008) found that the expression of each of them was also strongly affected in the AUA neuron class of ceh-6 mutants ( Figure 4D ). The AUA neuron is not absent in ceh-6 mutants, since we find that expression of the panneuronal marker rab-3 is unaffected in AUA ( Figure 2G ). Like other terminal selectors (Hobert, 2011) , ceh-6 therefore affects the adoption of a specific identity while panneuronal identity is unaffected. ceh-14 Controls the Identity of Phasmid Sensory Neurons ceh-14 is a LIM homeobox gene that is expressed in a small number of head and tail neurons, including the PHA, PHB, and PHC tail phasmid sensory neurons (Cassata et al., 2000) . Using a fosmid-based reporter, we confirmed that ceh-14 expression is maintained throughout the life of these neurons (data not shown). We find that eat-4 expression is affected in all three phasmid sensory neurons of ceh-14 null mutants ( Figure 3H ). The expression of additional identity markers for PHA and PHB (GPCR srb-6 and neuropeptide flp-4) and PHC (tyrosine phosphatase ida-1 and the dopamine receptor dop-1) is also affected in ceh-14 mutants ( Figures 4E and 4F ). PHA and PHB also display dye filling defects in ceh-14 mutants (Kagoshima et al., 2013) . Panneuronal features (rab-3 expression) of the phasmid neurons are unaffected in ceh-14 null mutants ( Figure S2H ). We also observed an effect of loss of ceh-14 on eat-4 expression in the DVC interneurons ( Figure 4H ). Another DVC cell fate marker, the GPCR srab-12, also displays defective expression in DVC ( Figure 5G ). We observed no defects in eat-4 expression in the normally ceh-14 expressing PVQ neurons of ceh-14 mutant animals. Joint removal of ceh-14 and ttx-1, a previously described regulatory of AFD neuron identity (Satterlee et al., 2001) , results in loss of eat-4 expression in AFD ( Figure 3D ). ceh-14 and ttx-1 also collaborate in the activation of other AFD-expressed terminal effector genes (H. Kagoshima, personal communication) . vab-3 Controls the Identity of the OLL and URYV Neurons In addition to pursuing candidate genes, we identified an additional regulator of glutamatergic neuron identity through an unbiased screen for EMS-induced mutants in which the glutamatergic OLL neurons, sensors of bacterial pathogens (Chang et al., 2011) , do not adopt their identity. This screen identified the vab-3 Paired homeobox gene ( Figure 5 ; see Extended Experimental Procedures). In vab-3 mutants, the expression of eat-4, as well as the tyramine receptor ser-2, the acetylcholinesterase ace-1, and the groundhog gene grd-8 fail is affected in the OLL neurons ( Figure 5A ). The OLL neurons are generated in these animals as assessed by unaffected expression of both ift-20 and the panneuronal rab-3 marker in the anterior ganglion ( Figure S2I) .
A fosmid-based vab-3 reporter is expressed in the OLL neurons, and this expression is maintained throughout the life of these neurons, consistent with a role of vab-3 in not only initiating but also maintaining the OLL differentiation program (Figures 5B  and 5C ). Apart from OLL, we also observe expression of vab-3 in the glutamatergic ventral URY neuron class, which are lineally unrelated sensory neurons of unknown function. Expression of eat-4/VGLUT expression, as well as the expression of two additional markers of ventral URY fate, the pdfr-1 neuropeptide receptor and the Toll receptor tol-1 is lost in vab-3 mutants ( Figure 5A ).
Taken together, our candidate as well as genetic screening approaches have revealed four additional regulators of the identity of multiple distinct glutamatergic neuron types. Each factor is expressed in the respective neuron class during its entire postmitotic life span. Each of these factors not only controls eat-4 expression but also several additional identity features of the respective glutamatergic neuron type. Due to their broad effect on distinct terminal identity features, each of these factors can therefore be considered a terminal selector-type transcription factor.
Redundancy of Glutamatergic Identity Regulators
The expression of a number of the transcriptional regulators of glutamatergic identity that we have identified here is restricted to one class of glutamatergic neurons (che-1 in ASE, ets-5 in BAG, ttx-1 in AFD, and mec-3 in touch neurons). In contrast, unc-86, lin-11 and ceh-14 are expressed in multiple very distinct glutamatergic neuron classes, and we examined whether these regulators generally affect glutamatergic identity in all neurons in which they are expressed. Genetic elimination of unc-86 results in no effect on eat-4/VGLUT expression in the URY sensory neurons, the I2 pharyngeal interneurons or the tail sensory neuron PVR ( Figure S3) . Similarly, the LIM homeobox gene ceh-14 affects glutamatergic identity in PHA, PHB, and PHC, but not in PVQ or PVR neurons ( Figure 3H and data not shown). Likewise, the LIM homeobox gene lin-11 affects ASG glutamatergic identity, but not AIZ glutamatergic identity (data not shown).
We considered the possibility that potential functions of these regulators may be masked by redundancies with other glutamatergic regulators. To address this possibility, we specifically focused on the PVR tail sensory neuron because it coexpresses unc-86 and ceh-14, each of which acts as a glutamatergic Figure 3H ). Three additional terminal markers of PVR identity (flp-10, flp-20, dkf-2) are also redundantly controlled by ceh-14 and unc-86 ( Figure 3H ). The loss of marker gene expression in unc-86; ceh-14 double mutants is not due to loss of the neurons, since we were able to detect generation of the cell by lineage analysis using Nomarski optics. Taken together, the redundancy of unc-86 and ceh-14 function in PVR suggests that glutamatergic neurons not affected by a transcription factor that has a glutamatergic control function in other neuron types may be masked by redundantly acting factors.
Requirement for Specific cis-Regulatory Motifs in the eat-4/VGLUT Locus Argues for Direct Regulation by Specific Transcription Factors
We next asked whether any of the glutamatergic identity regulators may control eat-4/VGLUT expression directly. To this end, we made use of the knowledge of the binding sites for six of the above mentioned transcription factors, ETS-5, UNC-86, CEH-6, CEH-36, TTX-1, and CEH-14 (Baird-Titus et al., 2006; Brandt et al., 2012; Duggan et al., 1998; Etchberger et al., 2007; Kim et al., 2010; Wingender et al., 1996) . We indeed found binding sites for each of these factors in the eat-4 modular elements that drive expression in the respective neurons types, and we found that deletion of these binding sites resulted in a loss of expression in the respective neuron types (Figure 2 ), thereby providing a strong indication that these transcription factors directly control eat-4 expression. For example, deletion of an Otx/K50-type homeodomain site (TAATCC) affects expression exclusively in the ASE and AWC neuron classes (Figure 2 ), which both require ceh-36/Otx for correct eat-4 expression ( Figures 3A and 3B) . Mutation of another K50-type homeodomain binding also affected eat-4 expression in the ASE and AWC neurons, but additionally in the AFD neurons, which require the K50-type ttx-1/Otx homeobox gene for correct eat-4 expression (Figures 2 and 3) . Mutation of an ETS domain binding site affected expression exclusively in the BAG neurons that require the ETS-5 transcription factor for eat-4 expression (Figure 2 ). Mutation of a predicted POU homeodomain sites affected unc-86-and ceh-6-dependent eat-4 expression in touch neurons, PVR, and AUA (Figure 2) . Lastly, ceh-14-dependent eat-4 expression in PHA, PHB, PHC, and DVC expression is controlled by a cis-regulatory module, eat-4 prom5 , and ModEncode data (Niu et al., 2011) reveals several CEH-14 binding peaks that map onto this module ( Figure S4 ), providing additional support for ceh-14 directly regulating eat-4/VGLUT.
Redeployment of the Same cis-Regulatory Motif in Distinct Neuron Types
Our cis-regulatory analysis also revealed that distinct transcription factor family members apparently use the same cis-regulatory sites to control eat-4 expression in distinct neuron types. For example, deletion of the putative POU homeobox site in the eat-4 prom2 module affects expression of eat-4/VGLUT in the light and harsh touch receptor neurons that require the POU homeobox gene unc-86 for correct eat-4 expression. This deletion also affects eat-4/VGLUT expression in the AUA neurons that require the POU homeobox gene ceh-6 for correct eat-4 expression (Figures 2 and 3) . The same scenario applies for TAATCC K50-homeodomain sites in the eat-4 prom6 module: as mentioned above, deletion of one of the two sites abrogates ceh-36 K50-homeodomain -dependent eat-4 expression in the ASE and AWC neurons, while a mutation in the other site also abrogates ttx-1 K50-homeodomain -dependent expression in AFD (Figure 2 ).
Intriguingly, mutation of this second TAATCC site also abrogates eat-4 expression in the BAG and ASG neurons, suggesting that these neurons utilize another K50 homeodomain protein.
We tested whether ceh-37, the third Otx/K50 ortholog in C. elegans besides ceh-36 and ttx-1, could be involved in controlling eat-4 expression in ASG and BAG. ceh-37 is expressed in the nonglutamatergic AWB neurons as well as ASG and BAG (Lanjuin et al., 2003; Y.G. Tong and T. Bü rglin, personal communication) . We find that ceh-37 is indeed required for eat-4 expression in both the ASG and BAG neuron classes (Figure 3I) , likely through its cognate binding site TAATCC. Hence, the glutamatergic identity of five different neuron classes is controlled by three distinct Otx-type homeodomain transcription factors (ceh-36: AWC and ASE, ttx-1: AFD, ceh-37: ASG and BAG), operating through at least partially shared TAATCC sites. Each of these Otx factors may collaborate with distinct cofactors in these distinct cell types (e.g., ceh-37 with ets-5 in BAG and with lin-11 in ASG; Figure S5 ).
Additional Homeodomain Regulators of eat-4 Expression
The striking preponderance of homeodomain transcription factors in the collection of transcription factors that we found to control eat-4 expression prompted us to search for additional predicted homeodomain binding sites that may be required for eat-4 expression in neurons for which we had not yet identified regulatory factors. We focused on the eat-4 prom2 module, which drives expression in a number of distinct neuron classes (Figure 2) . This module contains two sets of palindromic, predicted homeodomain binding sequences (ATTAN 2-3 TAAT). and ADL express distinct LIM homeobox genes that may operate through these sites. Based on a fosmid reporter gene provided by the ModEncode consortium, the ASK neurons express and maintain the LIM homeobox gene ttx-3, the worm ortholog of the vertebrate LHX2/9 gene (F.Z. and O.H., unpublished data). eat-4/ VGLUT expression is abolished in the ASK neurons of ttx-3 mutants ( Figure S6 ). The ADL neurons express the LHX1/5 ortholog lin-11 (Hobert et al., 1998 ) and we find eat-4/VGLUT expression in this neuron class to be reduced in lin-11 mutants ( Figure S6 ). In the case of ASK and ttx-3, we examined four additional terminal identity features of ASK in ttx-3 mutants (neuropeptides flp-13 and nlp-14, guanylyl cyclase gcy-27 and dye filling of the neuron) and found expression of each identity feature to be also defective ( Figure S6 ). Hence, neurotransmitter identity is also linked in this case to the adoption of other identity features through coregulation of these distinct features by ttx-3.
Mutation of yet another predicted homeodomain binding site in the eat-4 prom2 cis-regulatory module eliminated expression of eat-4 exclusively in the LUA tail interneurons (Figure 2 ). It is not yet known which homeobox genes are expressed in LUA.
Potential Conservation of Homeodomain Regulation of Glutamatergic Identity in Mouse
The preponderance of homeodomain transcription factors among the glutamatergic identity regulators in C. elegans is remarkable. Every single glutamatergic neuron differentiation program that we have described here depends on at least one homeodomain protein. Eleven out of the 13 factors (85%) described here to control terminal neuron identity are homeodomain transcription factors. This proportion far exceeds the proportions (11%) of homeodomain transcription factors (100) relative to other types of transcription factors (900) in the C. elegans genome. This preponderance of homeodomain regulators of glutamatergic identity in C. elegans prompted us to ask whether homeodomain proteins may also control glutamatergic identity in vertebrates. Indeed, the Otx-type protein CRX is known to control the identity of glutamatergic photoreceptors in the mouse retina (Furukawa et al., 1997) . To show that homeodomain proteins may be more commonly employed as regulators of glutamatergic neurons, we examined the expression of mouse homologs of the two most prominent homeodomain subtypes that we identified as glutamatergic regulators in C. elegans, Brn-type POU homeodomain proteins (unc-86 and ceh-6 orthologs) and LIM homeodomain proteins (ceh-14, mec-3, lin-11, and ttx-3 orthologs) . We focused on examining expression in adult neurons because we aimed to avoid identifying factors with only transient roles in glutamatergic neuron development and because our C. elegans studies suggested that glutamatergic identity regulators are continuously expressed throughout the life of the neuron to maintain their identity.
We stained adult mice with antibodies directed against three Brn-type POU (BRN3a,b,c) and four LIM-type homeodomain proteins (LHX1, LHX2, LHX3, and LHX5). We found expression of five of these seven proteins in adult CNS neurons (data not shown). We then made use of the observation made in C. elegans that in several cases LIM and POU homeodomain work together to determine glutamatergic identity (unc-86/ mec-3 in touch neurons; unc-86/ceh-14 in PVR neurons) and sought to identify regions of overlap of POU and LIM homeodomain expression in adult glutamatergic CNS neurons. Antibody costaining revealed that the BRN3a and LHX1 are coexpressed in two sets of adult glutamatergic neuron types, one in the hippocampus (data not shown) and one in the largest nucleus of the olivary body, the inferior olive ( Figure 6A ). To examine whether one of these genes may indeed have a role in these glutamatergic neurons, we used a floxed, tamoxifen-inducible LHX1 knockout allele (Kwan and Behringer, 2002) to conditionally remove LHX1 in 8-week-old mice. We find that 10 days after tamoxifen treatment, BRNA3a and VGLUT2-expressing glutamatergic neurons have disappeared from the inferior olive (Figure 6B ). Whether these cells have died because LHX1 is directly involved in controlling survival or whether they have died due to a neuronal identity loss is not clear at present. In either case, this data strongly implies an important function of LHX1 in defining the existence of this glutamatergic neuron type.
As it is the case for C. elegans LIM homeobox genes, there are glutamatergic CNS neurons that do not express LHX1 and, vice versa, LHX1 is also expressed in nonglutamatergic neurons (Figure S7) (Lein et al., 2007; Zhao et al., 2007) . This supports the existence of neuron-type specific combinatorial codes for the regulation of glutamatergic identity in the vertebrate nervous system akin to what we observe in the C. elegans system.
DISCUSSION
We have revealed insights into how glutamatergic neuron identity is controlled. Through mutational analysis of the cis-regulatory control regions of eat-4/VGLUT as well as through genetic loss of function analysis of trans-acting factors, we have ruled out the possibility that eat-4/VGLUT expression is controlled by one global, glutamatergic regulator in C. elegans (see model #1 in Figure 1A) . Instead, the eat-4/VGLUT locus operates as an integrator device that samples distinct regulatory inputs in distinct cellular contexts through a modular arrangement of cis-regulatory elements.
We have described here more than a dozen terminal selectortype transcription factors that act through these modular cis-regulatory elements to control VGLUT expression in two thirds of all glutamatergic neurons (Table 1 ). All of these transcription factors are continuously expressed throughout the life of the respective neuron type suggesting they do not only initiate but also maintain VGLUT expression. Moreover, all the transcription factors described here affect not only VGLUT expression, and hence the glutamatergic phenotype, but also a number of additional terminal differentiation genes that define the specific identify features of distinct glutamatergic neurons. This is in line with model #3 described in the introductory Figure 1A and further supports the terminal selector concept that posits the existence of master regulatory-type transcription factors that coregulate a multitude of terminal identity feature of a mature neuron (Hobert, 2011) . In the absence of these terminal selectors, neurons appear to remain in an undifferentiated neuronal ground state and do not usually display obvious switches in identity (see Supplemental Information).
Coregulation of neuronal identity features also extends to multiple transmitter identities of an individual neuron type, as exemplified by lin-11 and unc-86, which control the glutamatergic/serotonergic identity of the ASG sensory and AIM interneurons, respectively. Neurons have long thought to be only employing one neurotransmitter system (''Dale's principle''), but over the last several years more than one transmitter system has been found to be employed simultaneously in a number of distinct neuron types in vertebrates and invertebrates, including the cousage of glutamate and serotonin in some regions of the vertebrate CNS (Seal and Edwards, 2006) . However, in none of these cotransmitter cases has it been reported whether the two neurotransmitter phenotypes of a given neuron type are independently regulated or controlled by the same trans-acting factor. We have provided here two examples of coregulation of two distinct neurotransmitter identities by a common transacting factor.
Our analysis of trans-acting factors also illustrates the combinatorial coding nature of neuronal identity control. This is illustrated with the POU homeobox gene unc-86 and the LIM homeobox genes mec-3 and ceh-14. unc-86 and mec-3 cooperate to control glutamatergic touch neurons, such as the ALM neurons. In the PVR neuron and possibly also in the PHC neurons, unc-86 cooperates with another LIM homeobox gene, ceh-14. In yet other neurons (phasmid neurons), ceh-14 controls glutamatergic identity independently of unc-86 (which is not expressed in phasmid neurons).
The observation that mutation of the same cis-regulatory motif can affect eat-4 expression in multiple distinct neuron types indicates that there are limits to modularity. That is, cis-regulatory information is not always encoded by distinct cis-regulatory modules but may be encoded by a similar grammar to be read out by different trans-acting factors in different neuron types. For example, the same POU homeobox site is apparently recognized by unc-86 in light touch receptor neurons and by ceh-6 in the AUA neurons. Three distinct Otx-type transcription factors read out the same cis-regulatory motif to control eat-4 expression in distinct sensory neuron classes. Each of these Otx genes appear to cooperate with distinct cofactors in different neuron types ( Figure S5 ). Otx genes are expressed in several distinct sensory neuron structures in the mouse (Acampora et al., 2001) expression, they are consistent with such a notion. The selective loss of inferior olive glutamatergic neurons and the restricted expression of LHX1 in only some glutamatergic neuron types in the CNS is also consistent with a conservation of the modular, piece-meal regulatory logic of VGLUT regulation.
Previous work on terminal selector-type transcription factors, further extended here, has shown that they operate through simple cis-regulatory motifs (Hobert, 2011) . Terminal differentiation genes that are expressed in multiple distinct neuron types, such as the eat-4/VGLUT gene described here, contain a modular assembly of simple terminal selector motifs that are read out in individual neuron types by specific terminal selectors. Gene expression profiles may be able to rapidly evolve through the gain and loss of terminal selector motifs. In the context of eat-4/VGLUT this means that on an evolutionary time scale the glutamatergic phenotype of a neuron can be rapidly gained (or lost) through the acquisition (or loss) of terminal selector motifs in eat-4/VGLUT. Compared to other neurotransmitters, glutamate is different because its employment as a neurotransmitter does not require the presence of a specialized synthesis and recycling machinery; rather, the only determinant of the glutamatergic phenotype is the expression of VGLUT (Takamori et al., 2000 (Takamori et al., , 2001 . Hence, to gain a glutamatergic phenotype, only the VGLUT locus rather than an entire pathway of neurotransmitter synthesizing enzymes and transporters needs to acquire responsiveness to a neuron-type specific terminal selector. Since glutamate is a very widely employed neurotransmitter in many different nervous systems, our findings-and the terminal selector gene concept in general-provide a straight-forward conceptual framework for how neurotransmitter phenotypes and neuronal gene expression patterns in general can rapidly evolve to generate the enormous diversity of neuronal cell types.
EXPERIMENTAL PROCEDURES
C. elegans Strains and Transgenes
A list of strains and transgenes can be found in the SupplementalInformation.
eat-4/VGLUT Reporter Transgenes
The eat-4 fosmid reporter was generated by fosmid recombineering using fosmid WRM0623aF12 and an SL2-based, nuclear localized yfp reporter (Tursun et al., 2009 ). The eat-4 locus reporter was generated by in vivo recombination (Boulin et al., 2006) , using two overlapping fragments of the eat-4 locus (see Extended Experimental Procedures).
The 5 0 eat-4 reporter constructs were generated by PCR and subcloning into the standard pPD95.75-based expression vectors and mutagenized with the QuickChangeII XL Site-Directed Mutagenesis Kit (Stratagene). Constructs were injected at 50 ng/ml with rol-6(su1006) or ttx-3::dsRed as coinjection marker. The resulting transgenic arrays are listed in the Supplemental Information. All strains were scored as young adults.
Genetic Screen otIs138 transgenic animals (ser-2 prom ::gfp) were EMS-mutagenized and animals with loss of expression in OLL were isolated a Copas Biosort machine (Doitsidou et al., 2008) . Whole-genome sequencing followed by data analysis with MAQGene (Bigelow et al., 2009 ) was used to determine the molecular identity of ot569, a new vab-3 allele. See Supplemental Information.
Analysis of Serotonergic Fate of ASG Neurons
Young adult worms were incubated at 1% oxygen for 24 hr at 25 C in a hypoxic semisealed chamber (oxygen levels were controlled by a ProOx P110 compact oxygen controller [BioSpherix] ) and compared to 21% oxygen incubated worms at 25 C. Antibody staining was performed using a tube fixation protocol described in more detail in the Supplemental Information.
Mouse Genetics
We used two previously generated mouse lines, LHX1 flox (Kwan and Behringer, 2002) and ROSA26CreER (Badea et al., 2003) . Tamoxifen was administrated orally in the diet at a dose of 80 mg/kg/day (Harlan tamoxifen diet). Animals were treated when they reached 8-10 weeks of age. After 10 days they were perfused and analyzed. For each condition, five animals were used. Mouse brain sections were stained with antibodies, in situ hybrization probes, or other strains using standard procedure, described in the Supplemental Information, which also contain details on antibodies and probes.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Results, Extended Experimental
Procedures and six figures and can be found with this article online at http://dx. doi.org/10.1016/j.cell.2013.09.052.
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